S U M M A R Y We have optimized an immunohistochemical double-staining method combining immunohistochemical lymphocyte lineage marker detection and apoptosis detection with terminal deoxyribonucleotidyl transferase-mediated dUTP nick end labeling. The method was used to trace Fas-mediated apoptosis in human reactive lymph nodes according to cell lineage and anatomical location. In addition to Fas, we also studied the expression of Fas ligand (FasL), CD3, CD20, CD19, CD23, and CD68 of apoptotic cells. The presence of simultaneous Fas and FasL positivity indicated involvement of activation-induced death in the induction of paracortical apoptosis. FasL expression in the high endothelial venules might be an inductor of apoptosis of Fas-positive lymphoid cells. In addition to B-lymphocyte apoptosis in the germinal centers, there was often a high apoptosis rate of CD23-expressing follicular dendritic cells. In summary, our double-staining method provides valuable new information about the occurrence and mechanisms of apoptosis of different immune cell types in the lymph node compartments. Among other things, we present support for the importance of Fas/FasL-mediated apoptosis in lymph node homeostasis. (J Histochem Cytochem 58:131-140, 2010) K E Y W O R D S Fas Fas ligand lymph node immunohistochemistry double stain germinal center high endothelial venules apoptosis activation-induced cell death lymphocytes LYMPH NODES ARE ANATOMICALLY complicated structures with several functionally different compartments, such as the paracortex, cortex, medulla, and the sinusoidal system. They are also dynamic structures, reacting to various stimuli by changing their size and cellular composition by the influx of lymphocytes and other cells, and tightly regulated proliferation and apoptosis of these cells (van der Valk and Meijer 1987) .
Fas/Fas ligand (Fas/FasL)-mediated apoptosis of the lymphatic cells is important in several aspects of lymph node physiology, including regulation of both T-and B-lymphocyte response (Lynch et al. 1995) . Fas is a member of the tumor necrosis factor (TNF) receptor superfamily, and its ligand, FasL, is TNF-related. Fas is widely expressed in the lymphatic system, where it is found on activated B-and T-cells, natural killer (NK) cells, and myeloid cells (Itoh et al. 1991; Iwai et al. 1994) . In contrast, in the peripheral blood, only a minority of resting lymphocytes express Fas (Yoshino et al. 1994 ). Among cells of the immune system, FasL is expressed by activated T-cells, NK cells (Nagata and Golstein 1995) , activated macrophages (Badley et al. 1996) , and neutrophils (Suda et al. 1993; Liles et al. 1996) . The interaction of Fas on the surface of a target cell and FasL on the surface of an effector cell triggers target cell apoptosis through a complex cascade of caspases (Pinkoski et al. 2000; Wajant 2002; Lee and Ferguson 2003) .
Lymphocyte homing to peripheral lymph nodes is a highly regulated process that occurs almost exclusively in high endothelial venules (HEVs) in the nodal paracortex, which express characteristic adhesion molecules recognized by L-selectin in the lymphocytes (von Andrian and M'Rini 1998). Only naïve T-lymphocytes are able to migrate through HEVs (Mackay 1991) . Recently, we showed that lymph node HEVs express FasL and suggested that this provides a means to eliminate activated Fas-expressing lymphocytes from entering the lymph node parenchyma by inducing their apoptosis (Kokkonen et al. 2004) . Another route to the lymph node is through afferent lymphatics, from where ?10% of all lymphocytes reach the lymph node. These cells have migrated from the blood across nonlymphoid tissue and collect in lymph veins (Young 1999) . Interestingly, the parenchymal wall of the marginal sinus shows FasL expression similar to that of the HEV endothelium, suggesting a similar protective role (Kokkonen et al. 2004 ).
In the lymph node parenchyma, Fas/FasL-induced apoptosis of T-and B-lymphocytes is an important regulatory mechanism. Activation-induced cell death (AICD) is a process through which the cells are predetermined to undergo apoptosis after being activated (Lynch et al. 1995) . In this process, T-lymphocytes start to express both Fas and FasL. Such Fas-mediated apoptosis plays a crucial role in the downregulation of immunological reactions, which is actually started when the lymphocytes are activated. T-cells can regulate the extent of their populations by killing each other with the Fas/FasL-mediated system or even committing self-destruction when coexpressing both of these (Lynch et al. 1995) . In the germinal centers, lowaffinity or self-reacting B-cells are eliminated via Fas/ FasL interaction, and high-affinity cells receive survival stimuli via CD40/CD40L, which blocks Fas-mediated apoptosis (van Eijk et al. 2001) . The importance of FasL-and Fas-mediated homeostasis of lymphocytes is demonstrated in autoimmune lymphoproliferative syndrome, in which lymphocytes accumulate in lymph nodes owing to defective Fas-mediated apoptosis (Nagata and Suda 1995; Le Deist et al. 1996; Sneller et al. 1997; Lim et al. 1998) .
Apoptosis mediated by Fas/FasL interaction is an important mechanism in the maintenance of lymph node homeostasis (Strasser et al. 2009 ). However, the commonly used methods for simultaneous characterization of apoptosis and cell markers in lymphatic tissues, such as flow cytometry, do not provide information about anatomical organization and therefore do not provide a complete picture of reactions going on in vivo. In the present study, we sought to survey Fas-and FasL-mediated apoptosis in different cell lineages and anatomical compartments of human reactive lymph nodes. We were also interested in the role of paracortical FasL-expressing HEVs in the homeostatic apoptosis of lymph nodes, on which there is no information at present. To determine how Fas expression and Fas-L expression are associated with apoptosis in lymph nodes, we optimized an immunohistochemical double-staining method to determine whether the apoptotic cells are activated (Fas 1 or FasL 1 ) and to categorize their cell lineage. The results indicate that each anatomical compartment of the lymph node shows a characteristic pattern of cell lineage-specific apoptosis. Furthermore, the observation that in the vicinity of HEVs in the paracortical area, 70% of apoptotic cells express Fas and the same proportion express FasL supports our hypothesis that HEV FasL plays an important role in the elimination of activated (FasL-positive) lymphocytes entering the lymph node parenchyma.
Materials and Methods
Lymph node samples from 13 patients (ages 1 to 73 years, mean age 35.6 years; 9 males) representing different types of reactive alterations were selected from the files of the Department of Pathology, University of Oulu. Most of the samples were used in our previous study (Kokkonen et al. 2004) . Lymph nodes had all been enlarged, and had been removed for diagnostic purposes. Based on histology and a review of the clinical history, there were no cases with specific infection, immunological deficiency, or neoplastic disease. The regions of their anatomical distribution varied, including neck, axilla, abdominal cavity, and inguinal areas. Three of the patients were under 18 years old, seven were 19-55 years old, and three were over 55 years old. The material included five paracortical hyperplasias, one sinus histiocytosis, four follicular hyperplasias, and three cases with a mixed reaction.
Single Immunohistochemistry
Formalin-fixed and paraffin-embedded tissue sections were cut into 4-mm sections and stained using the Dako Envision DAB 1 detection system kit (Dako A/S; Glostrup, Denmark) with 3,3′-diaminobenzidine (DAB) as a chromogen. Sections were pretreated in a microwave oven (150 W) for 15 min in Tris-EDTA (pH 9.0). Table 1 summarizes the primary antibodies used. After the primary antibody was applied, staining was performed according to the manufacturer's instructions. Counterstaining was performed using Mayer's hematoxylin (Reagena Oy; Helsinki, Finland) blued in 2% NH 3 -water. For negative control staining, the primary antibody was omitted. As internal positive controls, lymphocytes in B-and T-lymphocyte regions of lymph nodes, germinal centers, and HEV vessels in the lymph nodes (Kokkonen et al. 2004 ) served as positive controls for CD20, CD3, Fas, and FasL staining, respectively.
Terminal Deoxyribonucleotidyl Transferase-mediated dUTP Nick End Labeling (TUNEL)/Lymphocyte Marker Double Staining
Problems are often encountered when applying double staining, including crossreactivity, common falsepositive background staining, and many methodological problems in the selection of pretreatment and chromogens. The manufacturer of the TUNEL kit (ApopTag Peroxidase In Situ, catalog number S7100; Chemicon, Temecula, CA) recommends using proteinase K or microwave cooking in citrate buffer (pH 6.0) for 15 min as pretreatment. We compared these two pretreatment methods to microwave cooking in Tris-EDTA (pH 9.0) for 15 min. Our results showed that proteinase K and Tris-EDTA provide similar positive labeling, but with citrate, the result is almost negative. For chromogens, we selected DAB with and without cobalt chloride (see below), producing either a black or a brown color, respectively. DAB-based compounds were used as chromogens because they are both permanent, in contrast to easily soluble alkaline phosphatase (AP)-based chromogens. Our self-made DAB-black did not work with the Envision detection system, decreasing the chance of false positivity. While testing the TUNEL kit with DAB-black, we noticed that DABblack is actually dark-bluish black. Therefore, we changed the background staining from the commonly used hematoxylin to Nuclear Fast Red, which gives a better color contrast to both brown and black.
For double staining, the 4-mm sections in slides were first incubated at 70C for 10 min and then deparafinized and rehydrated. Pretreatment was performed with Tris-EDTA as in single staining. After cooling at room temperature, slides were moved to 3% H 2 O 2 (diluted with PBS) for 5 min. TUNEL staining continued according to the manufacturer's instructions until addition of chromogen. The chromogen used was DAB (catalog number D8001; Sigma-Aldrich Finland Oy, Helsinki, Finland), 3 g/l in 0.5 M Tris buffer (pH 7.6) with 2.5% CoCl 2 added (Hsu and Soban 1982) after filtering and incubated for 10 min at room temperature. Then 0.8 ml/ml 30% H 2 O 2 was added to the DAB-black solution and incubated for a further 10 min. This gives TUNEL-positive cells a black color. Sections were then stained as with Envision in single staining. For counterstaining, Nuclear Fast Red (0.05% Karcherot, E. Merck Ag; Darmstadt, Germany), diluted in 5% aluminium sulfate-18 hydrate, was used (incubated for 2 min) to give a good contrast to both the black and brown color (Figures 1 and 2) .
For TUNEL-Fas, TUNEL-CD3, TUNEL-CD20, TUNEL-CD19, TUNEL-CD23, and TUNEL-CD68 double staining, the sections were stained as described above. For the TUNEL-FasL combination, FasL was first stained with Envision, then staining was continued with the TUNEL kit. FasL staining requires overnight incubation with the primary antibodies, and it showed no positivity at all when it was stained after TUNEL.
For controlling staining specificity, double stainings were compared with five separate controls: (1) single staining for TUNEL; (2) single staining with the primary antibody; (3) omission of terminal deoxynuleotidyl transferase (Tdt) enzyme (TUNEL); (4) omission of primary antibody, and (5) omission of both Tdt enzyme and the primary antibody. Figure 1 shows the results of control staining.
Evaluation of Staining
For evaluation of TUNEL and the lymphocyte marker double-positive cells in different regions and reaction types of lymph nodes, TUNEL-positive cells were assessed using an oil-immersion objective (31000 magnification). A cell was classified as a double-positive (TUNEL and CD marker) if it had a black nucleus and brown rim of cytoplasm or cell membrane. In some cells without visible cytoplasm, some brown color was seen within the black nucleus, which was often fragmented. Such a brownish staining pattern was seen in single immunostaining in some morphologically apoptotic cells, but it was absent from single TUNELstained sections ( Figure 2C ). This staining was considered positive. In cases in which a TUNEL-positive cell was surrounded by a group of cells positive to some antibody (e.g., CD20-positive cells in germinal centers), the TUNEL cell was classified as single-positive if the black nucleus was surrounded by a clear halo separating it from the brown-positive cells. Cells with no halo surrounding the black nucleus and brown staining in contact with the nucleus were classified as doublepositive. However, the S-100a antibody used in our experiment stained the nucleus of cells more intensively than the cytoplasm and gave the nucleus a very dark brown color. Reliable evaluation with black TUNEL was impossible, and it was discarded from further evaluation. The proportion of TUNEL double-positive cells was assessed for each double stain combination and each anatomical region by analyzing a minimum of 10 TUNEL 1 cells. For each lymph node specimen, several anatomical regions of each type were analyzed. To semiquantitatively estimate the numerical density of apoptotic cells in each anatomical region of lymph nodes, high magnification (31000) and the following scores were used. Score 1 was only used if one or less TUNEL 1 cell per visual field was detected. Score 2 was used if there were 2-3 TUNEL 1 cells per visual field, and score 3 was used if the TUNEL 1 cell count was more than three. To evaluate reproducibility of apoptosis counts with double stainings, we used the Friedman test for related samples. Absence of any significant differences between different double stainings indicates that various double stainings did not affect the TUNEL positivity rate (Figure 3 ).
Statistics and Software Used
Statistical analyses were performed using non-parametric tests due to skewness of distributions. Statistical evaluations were made using SPSS v. 12.0 (SPSS, Inc.; Chicago, IL). Box plot charts were made using Origin 7.0 (OriginLab Corp.; Northampton, MA). Microphotographs were taken with Leica DFC320 (Leica Microsystems Ltd.; Wetzlar, Germany), and composed with Adobe Photoshop 8.0 (Adobe Systems, Inc.; San Jose, CA).
Results
First, we confirmed with extensive control staining that the double-staining protocols for apoptosis, Fas, FasL, and lymphocyte lineage markers did not compromise specificity or sensitivity of detection of either DNA Figure 2 Details of TUNEL and lymphocyte marker double staining of lymph nodes. TUNEL is stained with DAB-black (black) and Fas (A), FasL (B), CD3 (C), or CD20 (D) with DAB (brown). (A) A view of the paracortical region showing the difference between a TUNEL 1 /Fas 1 cell (arrowhead) with brown cytoplasm around the black nucleus, and a TUNEL 1 /Fas 2 cell (arrow). In the latter, the cytoplasm is clear. (B) In the paracortical area, FasL was seen in high endothelial venules (HEVs) and in 70% of TUNEL-positive cells (arrowheads). (C) Apoptotic T-lymphocytes (TUNEL 1 /CD3 1 double-positive cells) were only seen in the paracortex (arrowhead). (D) Within the germinal centers, TUNEL 1 /CD20 2 cells were frequently seen (arrows). Bar 5 20 mm. degradation by TUNEL, or the protein markers (Figure 1) . Omission of TdT in double staining resulted in a staining pattern similar to that of the single immunostaining ( Figure 1F) . Similarly, omission of the primary antibody did not affect TUNEL staining in terms of intensity or the number of positive cells (Figure 1E) . Because TUNEL stained only the nucleus of the cells, leaving both cytoplasm and the cell membrane unlabeled, and all selected lymphocyte lineage markers, Fas, and FasL were expressed in the cytoplasm or the cell membrane ( Figures 1B and 1F) , the recognition of single-and double-positive cells was straightforward ( Figure 2 ). Finally, comparison of apoptotic rates detected with different double stainings indicated that the rates did not differ significantly, further confirming that double staining does not affect TUNEL positivity.
As reported previously, FasL was expressed in the endothelial cells of HEVs and in the parenchymal wall of marginal sinus tissue (not shown) (Kokkonen et al. 2004) . FasL was expressed in occasional lymphocytes in the paracortical area and germinal centers. In the germinal centers, FasL expression was not present in all cases, but when present, was more intensive at the light zone. Morphologically, FasL-positive cells looked like macrophages, but some had the features of reticular dendritic cells, inasmuch as the positive reaction was seen at the membrane of a "hollow"-like structure.
Using the double-staining method, it was possible to evaluate the density of apoptotic cells in the different lymph node compartments and to determine the cell lineage and Fas or FasL expression of the apoptotic cells. Figure 3 summarizes the overall apoptotic rates in the different lymph node compartments. Figure 4 shows which proportions of apoptotic cells in each anatomical compartment express cell lineage markers Fas or FasL, based on double staining of 13 reactive human lymph node samples.
In the paracortical area, TUNEL-positive cells were relatively rarely seen (Figure 3) . The majority (?70%) of these apoptotic cells expressed Fas and/or FasL (Figure 4) . This high figure suggest that a significant proportion of apoptotic cells express both Fas and FasL. About 40% and 30% of TUNEL-positive cells were positive for CD3 and CD20, respectively, suggesting that the majority (in total ?70%) of paracortical apoptotic cells are lymphocytes of either B-or T-cell lineage.
Germinal centers (follicles) were the second most abundant in TUNEL 1 cells after the sinuses (Figure 3 ). About half of TUNEL 1 cells showed Fas expression, but the double positivity showed a wide variation (Figure 4) . This is probably because the reaction types and the state of activation of the studied lymph nodes were variable in different cases. FasL was also found in ?50% of apoptotic cells in the germinal centers. Apoptotic T-lymphocytes were practically absent in the germinal centers (Figure 3) . About half of the TUNELpositive cells showed CD20 expression, indicating a B-lymphocyte lineage (Figure 3 ). Because about half of the TUNEL-positive germinal center cells were negative for both CD3 and CD20, leaving the lineage of the negative population unresolved, we further investigated germinal centers by combining TUNEL with CD19, CD23, and CD68. The proportion of TUNEL 1 /CD19 1 cells was lower than that of TUNEL 1 /CD20 1 , speaking against the hypothesis that those B-cells that are apoptotic would not be mature enough to express CD20. TUNEL-CD68 staining indicated that the other half of the apoptotic cells are macrophages, and a similar proportion of TUNEL 1 /CD23 1 cells indicated that a major portion of the apoptotic cells of the macrophage lineage are follicular dendritic cells (Figure 4) .
The sinuses were the compartment with the highest density of TUNEL 1 cells (Figure 3) . Here, Fas expression among apoptotic cells showed the most variation between cases (Figure 4) ; almost all TUNEL 1 cells were positive for Fas in some samples and none in others. FasL and CD3 were found only in a few TUNEL 1 cells, and CD20 was found in less than half of the cells.
The medullary zone showed only a few TUNEL 1 cells (Figure 3) , of which only a minority were T-or B-cells (Figure 4 ). Fas and FasL were also found in the medulla, involved in apoptosis, but less than in the other regions of the lymph nodes (Figure 4) .
To gain insight into the functional relationships of apoptotic activities in the different anatomical compartments of lymph nodes, correlation analyses were performed. Spearman's rank correlation test was used due to the skewness of the distributions. There were strong positive correlations between paracortical apoptotic CD3 1 and CD20 1 cell densities (0.854, p,0.001), and they were both correlated with medullary apoptotic CD3 1 and CD20 1 cell densities (CD3 0.804, p,0.05; CD20 0.883, p,0.001). In germinal centers, apoptotic Fas 1 cell densities were positively correlated with paracortical apoptotic Fas 1 cells (0.748, p,0.05) and negatively correlated with apoptotic CD20 1 densities in the germinal centers (20.770, p,0.001). In contrast to CD20 1 , CD19 1 does not have these same correlations; instead, germinal center apoptotic CD19 1 cells are correlated with apoptotic CD3 1 cells in germinal centers (0.776, p50.023) and to apoptotic Fas 1 cells within sinuses (0.811, p50.027).
Discussion
Until now, simultaneous detection of apoptosis and cell markers in lymphatic tissues has been possible by flow cytometry (Bang et al. 2003) , immunofluorescently (Mita et al. 2005) , or immunohistochemically using AP-based chromogens (Guan et al. 2000) . However, all of these have their disadvantages. Flow cytometry does not allow consideration of functionally different anatomical compartments of the lymph node; immunofluoresence and AP-based chromogens tend to disolve over time. Here, we have optimized an immunohistochemical double-staining method combining the detection of apoptotic cells by the TUNEL method and immunohistochemical detection of the lymphocyte lineage or Fas/FasL expression in human lymph nodes, using DAB as chromogen for both stainings. We used this method for analyzing anatomical location and mechanisms of apoptosis of the cell societies of lymph nodes. Fas-mediated apoptosis seems to be dominant in both T-and B-lymphocyte regions of the lymph nodes, but in the sinuses and medulla, other mechanisms of apoptosis have important roles as well. The method provides interesting new information about lymph node physiology.
Optimization of the double-staining method involved selection of the pretreatment and chromogens, and modification of the sequence of the components of the double stain. For detection of apoptosis, the TUNEL method was modified by boiling in Tris-EDTA (pH 9.0) for pretreatment instead of proteinase K or boiling in citrate buffer. This proved to provide results comparable to proteinase K pretreatment. The rationale for using Tris-EDTA was that it is more suitable for the immunohistochemistry step of the double staining than is either proteinase K or citrate buffer treatments. Further, Tris-EDTA is superior to citrate buffer for antigen retrieval for most antibodies (Yamashita 2007 ). An additional benefit of using the Tris-EDTA pretreatment was a clearly more-intensive and consistent labeling of apoptotic cells than with the citrate buffer pretreatment. To provide contrast with the immunohistochemistry step, DAB chromogen was used with cobalt chloride solution for labeling apoptotic cells (Hsu and Soban 1982) . The DAB-black chromogen results in an intense black reaction, easy to differentiate from the brown immunolabel of protein markers (Figures 1 and 2) .
As expected, apoptosis of T-lymphocytes was largely restricted to the paracortical area, where almost half of the apoptotic cells were T-lymphocytes ( Figure 4 ). In this region, the number of apoptotic B-lymphocytes was nearly as high as that of T-lymphocytes, suggesting that considering the low overall numbers of Blymphocytes in the paracortex (van der Valk and Meijer 1987) , the proportion of apoptotic cells among the paracortical B-lymphocytes is much higher than that of T-lymphocytes. Such abundant apoptosis of Blymphocytes outside the germinal centers has not been described in humans to date. In murine models, extrafollicular B-lymphocyte response has been described, and involves apoptotic elimination of autoreactive cells in the T-cell regions (Shlomchik 2008) . We speculate that apoptotic paracortical B-lymphocytes represent an analogous extrafollicular selection process of B-lymphocytes.
What are the mechanisms for apoptosis in the lymph node paracortex? A majority of apoptotic cells in the paracortex were Fas positive (?70%; Figure 4 ), suggesting that apoptosis of these cells was induced by Fas/FasL interaction. However, apoptosis even in the Fas-expressing cells may be induced by FasL-independent mechanisms, such as lymphocyte cytotoxicity or intrinsic mechanisms (Russell and Ley 2002; Fan and Zhang 2005) . About 70% of apoptotic cells in the paracortex showed expression of Fas and FasL (Figure 4 ), which indicates that ?40% of apoptotic cells are positive for both Fas and FasL. Simultaneous expression of Fas and FasL in apoptotic cells supports AICD-like induction of apoptosis (Lynch et al. 1995; Zhang et al. 2004) .
A second potential mechanism of apoptosis induction in the lymph node paracortex is based on our previous finding that paracortical HEVs express FasL (Kokkonen et al. 2004 ). These vessels are the main route through which lymphocytes enter lymph node parenchyma. We suggest that if the entering lymphocytes are activated and therefore express Fas (Lynch et al. 1995; Zhang et al. 2004 ), their apoptosis is induced by FasL in the HEV endothelium. The observed high Fas positivity rate of apoptotic lymphocytes in the paracortical region is in agreement with this idea. In addition, there is experimental evidence that anatomically non-specified endothelial FasL is an important inductor of lymphocyte apoptosis (Walsh and Sata 1999; Ferguson and Griffith 2006) . Furthermore, the presence of much more intensive FasL expression in the HEV endothelium than in other endothelial cells (Kokkonen et al. 2004 ) supports the concept of a specific functional significance of the FasL molecules in lymph node HEVs. However, because lymph node paracortex contains other possible sources of FasL signaling in addition to HEV endothelium, this concept requires experimental evidence.
There are now five different pieces of evidence favoring the idea that FasL expression in lymph node HEVs induces apoptosis in activated lymphocytes entering the lymph node parenchyma: (1) Activated lymphocytes are not able to migrate into lymph node parenchyma (Mackay 1991; Tanaka et al. 2004) ; (2) In inactivating mutations of the Fas gene, both in mouse and in humans, lymph nodes are enlarged with paracortical expansion (Le Deist et al. 1996; Sneller et al. 1997) ; (3) HEVs express Fas ligand in the lymph node paracortex (Kokkonen et al. 2004 ); (4) Most paracortical (near-HEV) apoptotic cells express Fas, as shown here; (5) Similarly, in immune-privileged sites, FasL in epithelium provides protection against the inflammatory process (Abbas 1996; Ferguson and Griffith 2006) .
About 50% of the germinal center apoptotic cells showed expression of CD20, a marker of mature Blymphocytes, and ?20% expressed CD19, a marker of immature B-lymphocytes, indicating that a majority of apoptotic cells in germinal centers are of B-lymphocyte lineage. Our finding that 80% of apoptotic cells in the germinal centers express Fas is consistent with the role of Fas/FasL-mediated apoptosis in the negative selection of low-affinity or self-reacting B-lymphocytes via Fas/FasL interaction (Hur et al. 2000; van Eijk et al. 2001 ). The observed negative correlation between the proportion of Fas-expressing apoptotic cells and the proportion of CD20-expressing apoptotic cells (20.770, p,0.001) indicates, however, that Fas expression is not the main regulator of B-lymphocyte apoptosis, and is consistent with the important role of survival stimuli in the selection process. It has been shown that high-affinity B-lymphocytes receive survival stimuli that block Fas-mediated apoptosis (van Eijk et al. 2001) .
About a third of the apoptotic cells in the germinal centers were composed of CD68-positive macrophages and CD23-positive follicular dendritic cells (Figure 4) . This is the first evidence for such abundant apoptotic activity in the follicular dendritic reticulum cells. Because dendritic reticulum cells are important regulators of the germinal center reaction (Or-Guil et al. 2007; Mueller and Ahmed 2008; Batista and Harwood 2009 ) and also play a role in the pathogenesis of B-cell lymphomas (Carbone et al. 2009 ), dissection of the mechanisms and disorders of their apoptosis may provide useful information for understanding B-cell immunity and B-cell neoplasia. Disturbed apoptosis may also be important in the pathogenesis of rare sarcomas of follicular dendritic cells.
In the lymph node sinuses and medulla, TUNEL positivity rates showed extensive variation among patients, probably due to different reaction types of lymph nodes and their different states of activation. Because sinuses are connected with both the efferent and afferent lymphatics and the cell trafficking both in and out of them is active, it is not surprising that both the apoptotic rate and Fas expression are so variable in them (Figure 4) . Interestingly, almost none of the apoptotic cells in the sinuses were T-lymphocytes and only a few were B-lymphocytes, indicating that sinusoidal Fas-positive cells are from a cell lineage different from that of lymphocytes. From the standpoint of AICD, it would be futile if freshly activated lymphocytes would undergo apoptosis at the sinuses to which they have just migrated from the lymph node parenchyma.
In summary, we have used a new double-staining method to analyze apoptosis and its mechanisms in different functional compartments of human lymph nodes. Because our material consisted of reactively enlarged lymph nodes with an active phase of immunological response, the observations may not be directly applicable to non-enlarged, resting lymph nodes. Fas was expressed in apoptotic cells in all four anatomical areas of lymph nodes and in both B-and T-lymphocytes, suggesting the importance of Fas-mediated apoptosis in lymph node homeostasis. We show for the first time that the paracortex is an important location for Blymphocyte apoptosis in humans and that follicular dendritic cells often show a high apoptosis rate. Most paracortical apoptotic cells were lymphocytes bearing Fas on their surface. This finding is consistent with the hypothesis that strong FasL expression in the endothelium of HEVs is crucial for inducing apoptosis of activated Fas-positive lymphocytes, leaving only naïve lymphocytes to enter the lymph node via the circulatory system. Our double-staining approach provides a useful tool for the analysis of mechanisms of apoptosis of specific cell types in different anatomical compartments of lymph nodes and in other lymphatic tissues.
